Carbonatites are characterized by the highest concentration of rare earth elements (REEs) of any igneous rock and are therefore good targets for REE exploration. Supergene, hydrothermal, and magmatic REE deposits associated with carbonatites have been widely studied. REE enrichment related to fluorapatite metasomatism in Fengzhen carbonatites in the North China block is reported in this study. REE minerals (monazite, britholite, and Ca-REE-fluorocarbonates) associated with barite and quartz formed as inclusions within the fluorapatite and externally on its surface. Monazite, allanite, barite, and quartz occur as rim grains on the edges of the fluorapatite. 
Introduction
The roles of rare earth elements (REEs), which are used as petrogenetic tracers in igneous rocks, have long been recognized. Previous studies focused on the geochemistry of REEs in aqueous and hydrothermal systems (Wood 1990; Migdisov and Williams-Jones 2008; Migdisov et al. 2009 ). The presence of monazite and xenotime associated with apatite has been observed both in the field (Åmli 1975; Pan et al. 1993; Pan 1997; Harlov et al. 2002) and experimentally (Harlov et al. 2002 (Harlov et al. , 2005 Harlov and Förster 2003) , forming from the host apatite by the action of fluids. However, REE enrichment and mineralization processes in magmatic systems are not clear. Recently, REEs have become critical metals and global demand has outstripped production. There is increased interest in identifying new sources of these elements. It is well known that carbonatites contain the highest amounts of REEs of any igneous rocks (Woolley and Kempe 1989) , making them good targets for REE exploration. REE concentrations in carbonatites are mainly controlled by Ca-bearing minerals of carbonate and apatite due to their high modal levels and REE contents, respectively, and REE minerals are both rare and volumetrically insignificant accessory phases (Hornig-Kjarsgaard, 1998) . Carbonatites from Mountain Pass, USA and Miaoya, China are the exception and contain abundant primary REE minerals (Jones and Wyllie 1988; Xu et al. 2010 Xu et al. , 2015 . Xu et al. (2010) suggested that REE-poor carbonate fractional crystallization from initial REE-rich carbonatite magmas plays a role in early monazite, fluorapatite, and late REE-fluorocarbonate (after calcite) formation in the Miaoya REE deposit. Although hydrothermal fluids expelled from carbonatites have been considered to contain economic REE concentrations and induce hydrothermal REE mineralization (WilliamsJones et al. 2000; Xie et al. 2009) , new experimental data show that not all REEs partition into carbonatiteexsolved fluids (Song et al. 2016) . Note that REE geochemical behaviour during the metasomatism of carbonatitic fluids has not been described, but it has potential with regard to REE mineralization.
The carbonatites found in the North China block are presently the oldest known carbonatites in China, and contain abundant fluorapatites. The mineral is enriched in REEs and crystallized earlier than calcite. Fluorapatite was metasomatized to produce abundant REE minerals around and in the fluorapatites. The compositions of these REE minerals and their origin are the focus of this study. In this paper, a detailed mineralogy related to the metasomatism of fluorapatites and in situ chemical compositions of the fluorapatites and calcites in the carbonatites are described. The objective is to show how REE enrichment occurred during metasomatic processes involving fluorapatite and carbonatitic fluids.
Geological setting
The North China block is one of the largest and oldest cratons worldwide. The oldest rocks date to 3.8 Ga (Liu et al. 2013) . Its Precambrian geological evolution has attracted extensive attention (Zhao et al. 2005 (Zhao et al. , 2012 Kusky 2011; Zhai and Santosh 2011) . Based on lithological, geochemical, structural, metamorphic, and geochronological differences, the Archaean to Palaeoproterozoic basement of the craton has been divided into three Archaean to Palaeoproterozoic microcontinental blocks, including the Eastern, Yinshanand, and Ordos blocks (the latter two forming the Western block), and three Palaeoproterozoic tectonic belts, named the Khondalite Belt, Jiao-Liao-Ji Belt, and TransNorth China Orogen (TNCO) (Figure 1(a) ) (Zhao et al. 2005 (Zhao et al. , 2012 . Controversy surrounds the timing and tectonic processes involved in the amalgamation of the Eastern and Western blocks along the TNCO. Tectonic processes include an eastward-directed subduction of oceanic crust, with final collision between the two blocks at 1.85 Ga (Zhao et al. 2001) , and a westward subduction, with final collision at 2.5 Ga (Kusky and Li 2003) .
Fengzhen carbonatite occurs in the northwestern margin of the TNCO (Figure 1(b) ), which is composed of late Archaean tonalite-trondhjemite-granodiorites (TTG;~2.5 Ga), and Palaeoproterozoic granites and supracrustal sequences metamorphosed from granulite to greenschist facies. It can be traced for approximately 1600 km from west Liaoning to west Henan Province. The carbonatites, which occur as dikes with NNE orientation, are generally several metres in width and several hundred metres in length, and are associated with pyroxenite and pyroxene syenite (Figure 1 (c)). They were emplaced in the Palaeoproterozoic khondalite belt, which is dominated by aluminous metasedimentary rocks, with some granitoid and gabbronoritic intrusions (Zhai and Santosh 2011) . Carbonatite has a coarse-grained granular texture consisting of calcite and subordinate amounts of fluorapatite, phlogopite, diopside, and olivine ( Figure 2) . Calcite is the most abundant mineral (70-80%) and forms a matrix of equant, xenomorphic grains enclosing the other minerals. In the northernmost part of the North China block, numerous carbonatite dikes occur around the Bayan Obo REE deposit (Figure 1(a) ) and have whole-rock Sm-Nd ages of 1354 ± 59 Ma (Yang et al. 2011) . The REE ores in this study area are not exploited, and neither their reserves nor a detailed deposit map have been reported.
Analytical techniques

Electron microprobe
Representative mineral phases from the carbonatite samples in C-coated polished sections were analysed using an EPMA-JXA-8230 electron microprobe with wavelength-dispersive X-ray spectrometer (WDS) at the Key Laboratory of Metallogeny and Mineral Assessment, Institute of Mineral Resources, Chinese Academy of Geological Sciences. The measurements were performed using a 15 kV accelerating voltage and 20 nA beam current, with an electron beam of 1-5 μm. According to the components and sizes of separated minerals, a set of appropriate matrix-specific standards (including natural and synthetic ones) and corresponding instrumental conditions (including beam diameter, detector type, and counting statistics) were utilized. The standards used were Jade (for Si, Al, and Na), K-feldspar (for K), Mg-olivine (for Mg), wollastonite (for Ca), magnetite (for Fe), apatite (for P), and synthetic oxides. All data were corrected with standard ZAF correction procedures. The raw WDS data of REE-bearing minerals were corrected on the basis of empirical interference values for REE using well-characterized synthetic standards, REE glasses, and orthophosphates (Salvi and Williams-Jones 1996) .
Whole-rock major and trace element analyses
Major elements of carbonatite samples were determined using wet chemical methods at the Institute of Geochemistry (IG), Chinese Academy of Sciences. Trace elements (REEs included) were analysed in solution by inductively coupled plasma mass spectrometry (ICP-MS) at the IG. Details are given in Qi et al. (2000) . Fifty milligrams of whole-rock powder were dissolved in a Teflon bomb using 1 ml HF (38%) and 0.5 ml HNO 3 (68%). The sealed bomb was placed in an electric oven and heated to 190°C for 24 h. One millilitre of 1 μg ml −1 Rh was added to the cooled solution as the internal standard and the solution was then evaporated. One millilitre of HNO 3 (68%) was added, and the solution evaporated to dryness. This was followed by a second addition of HNO 3 and the solution evaporated to dryness. The final residue was redissolved in 8 ml HNO 3 (40%). The bomb was sealed and heated in an electric oven at 150°C for 5 h. The final solution was diluted to 100 ml by the addition of distilled de-ionized water for ICP-MS analysis. The analytical precision for most elements is generally better than 10%.
In situ La-ICP-MS
In situ laser-ablation (LA)-ICP-MS analyses of fluorapatites and calcites from the carbonatites in polished thin sections were performed at the School of Earth and Space Sciences, Peking University. The diameter of the ablation spot is 32 μm. NIST 610 glass was used as a calibration standard for all samples. The element used for the internal standard was Ca, measured as 43 Ca and expressed as CaO, which was independently measured by electron microprobe. Comparison of analytical and reference results of NIST 610 indicates that the analytical error is <5% at the ppm level. Inrun signal intensity for indicative trace elements was monitored during analysis to ensure that the laser beam stayed within the phase selected and did not penetrate inclusions.
Results
Compositions of fluorapatite, REE minerals, and barite determined by an electron microprobe are given in Supplementary Tables 1, 2 , and 3, respectively. The trace element results from LA-ICP-MS and solution ICPMS analyses of fluorapatite, calcite, and whole rock are presented in Supplementary Tables 4 and 5 , respectively.
Fluorapatite
Petrological observations show that fluorapatite in the carbonatite occurs as round grains (typically, 0.5-2 mm in diameter), which make up as much as 5 vol.% of the rock. Under high-contrast, back-scattered electron (BSE) imaging (Figure 3 ), the fluorapatite grains show irregular zoning patterns. The domains that contain abundant REE mineral inclusions (monazite, britholite, and Ca-REEfluorocarbonate) are noticeably darker in the BSE images. They have 0.36-1.54 wt.% total (Y + LREE) 2 O 3 . By contrast, the bright domains in fluorapatites without (Hogarth 1989; Hornig-Kjaarsgaard 1998) . The mineral contains relatively high amounts of SiO 2 (up to 1.2 wt.%) compared to fluorapatites from other carbonatites, in which the Si contents are relatively low (up to 0.5 wt.% SiO 2 ) (Bühn et al. 2001; Xu et al. 2010) . Peak Cl in the fluorapatite is 0.81 wt.%, and Na is below the detection limits of the electron microprobe. Trace element abundances in the bright domains were measured by LA-ICP-MS. In trace element distribution diagrams normalized to primitive mantle (Figure 4  (a) ), the analytical data show negative high-field strength element (Nb, Ta, Zr, and Hf) anomalies. Their chondrite-normalized REE patterns exhibit stronger LREE enrichment relative to HREEs without obvious Ce or Eu anomalies (Figure 4(b) ). By contrast, the Si-rich fluorapatites in this study have higher REE and LREE contents (total REE = 12,728-18,629 ppm, La/ Yb cn = 500-575) than the Si-poor fluorapatite (total REE = 5656-8875 ppm, La/Yb cn = 42-74) from the Miaoya carbonatites, China (Xu et al. 2010) .
REE minerals
Primary REE minerals such as monazite and bastnäsite were not observed in the carbonatites, and most REE minerals are metasomatized products related to the fluorapatite. Two groups of REE minerals were identified: (I) monazite, britholite, and Ca-REE-fluorocarbonate inclusions within the fluorapatites; and (II) monazite and allanite formed as rim grains along the edges of the fluorapatites. All the REE minerals analysed in the Fengzhen samples have Ce as the dominant cation. They generally display the same order of preference for REEs, i.e. Ce > La > Nd ≥ HREE~Y.
Monazite, britholite, and Ca-REE-fluorocarbonate inclusions are mostly 1-2 μm in diameter (up to 5 μm). These inclusions commonly appear as subhedral to anhedral grains, filling the porosity within the fluorapatites (Figure 3) . The monazite inclusions show a typical LREE-enriched pattern with a relatively constant La/Yb cn ratio of 3.0-3.3 (up to 13.1 wt% La 2 O 3 and 8.4 wt% Nd 2 O 3 ) ( Figure 5) . A notable feature of the monazite inclusions is the high amount of Si (up to 2.5 wt.% SiO 2 ). In contrast, the rim grains show higher levels of La 2 O 3 and ThO 2 (up to 26.2 wt.% and 0.19 wt. %, respectively). They have an average La/Yb cn value of 11.3 and slightly low SiO 2 contents (up to 1.5 wt.%). In contrast, primary monazite precipitated directly from magma in the Miaoya carbonatites (Xu et al. 2010 ) has a similar La/Nd cn ratio to, and lower Si contents (up to 0.12 wt.% SiO 2 ) than, the metasomatic monazite inclusions in this study.
Britholite is the major REE-silicate inclusion identified within the fluorapatites. It has 11.6-17.5 wt.% SiO 2 and 12.0-28.0 wt.% CaO. The mineral is LREE enriched with La/Nd cn~2 .5 ( Figure 5) .
The Ca-REE-fluorocarbonate inclusions (parisite and synchysite) are LREE dominant, and their peak La/Nd cn ratio is 3.0. They contain relatively constant F abundance (2.4-2.7 wt.%). Small amounts of SiO 2 and Y 2 O 3 (up to 0.5 and 0.24 wt.%, respectively) were measured. The mineral has a variable CaO composition, ranging from 2.5 to 19.6 wt.%. Parisite and synchysite represent the two types of Ca-REE-fluorocarbonates, which can crystallize from carbonatitic magmasor fluids (Xu et al. 2010 (Xu et al. , 2015 (Xu et al. 2015) .
Allanite occurs along the grain rims of the fluorapatites and is generally associated with monazite or barite. The chemical composition of the allanite is relatively uniform and shows a LREE-enriched pattern, with a La/ Yb cn ratio of 5.4-8.6 (Figure 5 ), which is higher than that of the REE mineral inclusions in the fluorapatite. Compared to allanite from the Miaoya carbonatites (Xu et al. 2015) , the metasomatic allanite shows higher levels of Si, Ca, and Al (up to 35, 19, and 25 wt.% vs. up to 31, 10, and 16 wt.% of respective oxides), but lower La 2 O 3 (up to 5.8 vs. 8.2 wt.%) content.
Barite
Barite commonly appears associated with fluorapatite as inclusions and rim grains together with monazite, allanite, and quartz ( Figure 3 ). It has high SrO values (up to 12.7 wt.%) and little CaO (up to 0.3 wt.%). In comparison, secondary hydrothermal barite normally contains lower SrO (up to 2.8 wt.%) and higher CaO (up to 1.04 wt.%) compositions (Anna et al. 2009 ). Primary barite not intergrown with fluorapatites is also observed in the carbonatites.
Carbonate and carbonatite geochemistry
Calcite is the dominant carbonate mineral in the Fengzhen carbonatites. It usually has the form of subhedral grains with diameter 1-2 cm. LA-ICP-MS analysis indicates that the calcite contains high concentrations of LREE (La~660ppm, Sr~11,000 ppm, Ba~60 ppm, and Pb~28 ppm), and low levels of Rb, Nb, Ta, Zr, and Hf (Figure 4(c) ). Chondrite-normalized REE patterns from the calcite show strong enrichment in LREEs (La/ Yb cn = 358-491) (Figure 4(d) ), which has previously been identified as a characteristic of carbonatitic calcite (Hornig-Kjarsgaard 1998; Xie et al. 2009 ). In contrast, calcite from the Miaoya carbonatites (Xu et al. 2010) , in which REE minerals were fractionated prior to the precipitation of calcite, is characterized by relatively low levels of REEs (La <25 ppm) and a flat REE distribution pattern, with La/Yb cn~1 .6. Early crystallization of LREE minerals led to depletion of LREEs in carbonate minerals (Xu et al. 2010) .
Distinct geochemical features have been observed in the calcite intergrown with and without the fluorapatite (Figure 4(c,d) ). In the margins of calcites adjacent to fluorapatites, Ba (~18 ppm) and LREE (La~100 ppm) contents are low. LREEs are enriched relative to HREEs, with La/Yb cn~4 9. In contrast, the cores of the grains have higher Ba (~82 ppm) and LREE (La~375ppm) concentrations and stronger LREE enrichment (La/Yb cñ 167). However, calcite crystals not intergrown with fluorapatites, show no obvious differences in trace element composition between their rims and centres. This implies that REEs will preferentially partition into apatite relative to calcite during crystallization. Dawson and Hinton (2003) determined REE partition coefficients (D) between apatite and calcite of more than 1, and suggested that D apatite/calcite decreases from~4 for La to~2 for Tm.
The Fengzhen carbonatites contain variable amounts of SiO 2 (1-15 wt.%), FeO (0.3-1 wt.%), and MgO (0.2-6 wt.%). They belong to the calcio-carbonatites (Figure 6 ). By contrast, the Bayan Obo carbonatite dykes are composed of dolomite, calcite-dolomite, and calcite (Yang et al. 2011) . The Fengzhen rocks are characterized by consistently high abundances of Sr and REE, and variable levels of Rb and Ba. In trace element distribution diagrams normalized to the primitive mantle, all samples show negative Nb, Ta, Zr, Hf, and Pb anomalies, which are commonly observed for this rock type (Figure 4 (e)) (Nelson et al. 1988; Woolley and Kempe 1989) . Chondrite-normalized REE patterns from the carbonatites show a steep negative slope (La/ Yb cn = 363-541) and lack obvious Ce and Eu anomalies (Figure 4(f) ).
Discussion
Metasomatism of fluorapatite
A genetic classification of REE deposits, which are associated with carbonatites, includes supergene, hydrothermal, and primary (Mariano 1989) . A supergene deposit is developed from carbonatite-derived laterites, in which the carbonatites were subjected to chemical weathering (Walter et al. 1995) . Monazite is a common supergene REE mineral. Hydrothermal REE minerals are most common in carbonatites, occurring as veins or interstitial filling and exhibiting fine-grained polycrystalline clusters (Schönenberger et al. 2008; Sánchez et al. 2010; Xu et al. 2012) . Primary REE minerals crystallizing from the carbonatite magma are relatively rare, with the exception of those in Mountain Pass, USA (Jones and Wyllie 1988) and in Miaoya, China (Xu et al. 2010 (Xu et al. , 2015 . Carbonatites hosting REE minerals are often late-stage ferrocarbonatites, i.e. ironrich dolomite or ankerite carbonatites (Wall and Mariano 1996) . However, studies of REE mineral formation via metasomatism of carbonatite-exsolved fluids are comparatively rare. There is only one reported case of carbonatites from Lofdal, Namibia, that contain secondary xenotime originating from altered zircons (Wall et al. 2008) .
In Fengzhen, there are few primary REE minerals in the carbonatites. The calcites have high REE abundances, suggesting that the primary carbonatitic magmas contain relatively low REE compositions. This conclusion is supported by the experimental data of Wyllie et al. (1996) , who found that initially low REE concentrations in the magma are dispersed among the major rock-forming minerals, such that primary REE mineralization does not develop during this early stage. All the REE minerals in the Fengzhen carbonatites are associated with fluorapatite and have metasomatic origins. Secondary hydrothermal activities were not observed in the carbonatites, indicating that the carbonatite-exsolved fluids were responsible for alteration of the primary fluorapatites. Fluorapatite is very common in carbonatites, which is known to crystallize throughout the carbonatite fractionation sequence (Hogarth et al. 1985; Gittin 1989; Hogarth 1989) . Because of its capacity to incorporate significant concentrations of geochemically important minor and trace elements, fluorapatite is among the minerals most important in controlling the distribution of REEs in carbonatites (Wyllie et al. 1996; Hornig-Kjarsgaard 1998) .
Formation of REE mineral inclusions
The monazite, britholite, Ca-REE-fluorocarbonate, quartz, and barite inclusions occur in (Si,REE)-poor domains of the (Woolley and Kempe 1989) for the carbonatites. The grey range is Bayan Obo carbonatite dykes (Yang et al. 2011). fluorapatite. There is a contrasting compositional diversity between the inclusion-rich and -poor domains in the fluorapatites, indicating that coupled dissolution-re-precipitation has likely taken place (Putnis 2002; Harlov and Förster 2003) . Dissolution-re-precipitation reactions, caused by a chemical disequilibrium between the solid phase or phase assemblage and the coexisting fluid phase, have been commonly observed in other minerals, both in nature (Putnis 2002; Tomaschek et al. 2003) and experimentally (Yanagisawa et al. 1999; Hellmann et al. 2003; Labotka et al. 2004; Pollack et al. 2004) . The inclusion-poor, Si-rich fluorapatite domain contains a higher REE concentration compared to those of the Si-poor fluorapatites from the carbonatites (Bühn et al. 2001; Xu et al. 2010) .
According to Hammouda et al. (2010) , REE compatibility depends on the Si content of apatite. REEs are compatible in apatites containing 3.5-5 wt.% SiO 2 , where the D(REE) apatite/carbonatite values are between 1.5 and 4; whereas REEs are incompatible in apatites containing 0.2 wt.% SiO 2 . This is in agreement with apatite crystal chemistry (Fleet and Pan 1995) and the experimental data of Watson and Green (1981) 
Conclusions
The Fengzhen carbonatites in the North China block contain high levels of REEs and exhibit significant enrichment in LREEs relative to HREEs. Whole-rock and mineral analyses show that their REE budgets are controlled by calcite, fluorapatite, monazite, britholite, and allanite. Quartz, barite, monazite, britholite, Ca-REE-fluorocarbonate, and allanite formed as inclusions and/or rim grains on the fluorapatites. Textural evidence suggests that the formation of REE minerals is a product of metasomatism of the fluorapatites. Figure 7 summarizes REE mineral formation as inclusions and rim grains within the fluorapatites. The early carbonatitic fluids promoted an intra-crystalline, dissolution-re-precipitation reaction in the fluorapatites, resulting in the formation of monazite, britholite, Ca-REE-fluorocarbonate, quartz, and barite inclusions. The late carbonatitic liquids, which evolved from the strong crystal fractionation magmas, contained elevated levels of REEs, Al, and Fe, which metasomatized the fluorapatites to form quartz, barite, allanite, and monazite rim grains. Silicon and sulfates may promote REE mobility and enrichment. 
